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.2012.08.0Abstract For a given open channel, solving the kinematic wave equation with ﬂow depth-indepen-
dent kinematic wave parameters is very common due to its simplicity. The kinematic wave param-
eters cannot be analytically estimated independently of the ﬂow depth, except for some special
cross-sections. In this research, approximate depth-independent kinematic parameters are derived,
based on Manning equation for trapezoidal, rectangular, and parabolic channels. The estimation
method is based on the kinematic point-sensitivity indicator and regression ﬁtting methods. The
estimated parameters were veriﬁed and graphical aids for practical applications are presented. Since
the presented kinematic wave parameters are independent of the ﬂow depth, they are useful for
kinematic wave modeling. For system-speciﬁc conditions, such as a desired range of ﬂow depth,
the effective-sensitivity method would be preferable to the full range of kinematic wave parameters
presented by other researchers as it would easily produce local and more relevant parameters.
 2012 Ain Shams University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
The kinematic wave model is frequently used for ﬂood routing
analysis [1–3]. Channel ﬂow routing provides information on
the temporal and spatial distributions of ﬂood wave that is
essential for ﬂood warning and protection. The model includes.R. Vatankhah), seasa@ryer
Shams University.
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10two parameters that cannot be analytically estimated indepen-
dently of the ﬂow depth, except for some special cross-section
geometries. For example, for triangular channels exact expres-
sions for kinematic wave parameters that are independent of
ﬂow depth have been developed [4].
For other cross-section geometries, such as circular, rectan-
gular, and trapezoidal, various researchers have developed
approximate kinematic wave parameters. MacArthur and
DeVries [4] developed expressions for kinematic wave param-
eters for circular, rectangular, and trapezoidal channels. For
circular and rectangular channels, the authors made some
assumptions to obtain kinematic wave parameters that are
independent of ﬂow depth. However, for trapezoidal channels
the calculated parameters were dependent on ﬂow depth.ier B.V. All rights reserved.
Nomenclature
a characteristic constant
A ﬂow area
k characteristic constant
n Manning roughness coefﬁcient
P wetted perimeter
Q discharge
q lateral inﬂow
Qa approximate discharge
Qt true discharge
S0 bed slope of the channel
t time
w channel bottom width
x distance coordinate
y ﬂow depth
z channel side slope
w ﬁtting function
a kinematic wave parameter (coefﬁcient)
a0 na/S0
b kinematic wave parameter (exponent)
174 A.R. Vatankhah, S.M. EasaSubsequently, Wong and Zhou [5] developed approximate
expressions for kinematic wave parameters for trapezoidal
channels that are independent of ﬂow depth using mathemat-
ical ﬁtting functions. Improved kinematic ﬂow parameters
for trapezoidal channels were then developed by Haltas and
Kavvas [6]. They derived expressions for the kinematic wave
parameters that are independent of the ﬂow depth for trapezoi-
dal channels.
For circular channels Wong and Zhou [7] suggested a math-
ematical ﬁtting method to ﬁnd the kinematic wave parameters
independently of the ﬂow depth. They presented new parame-
ters were more accurate than those presented by Harley et al.
[8]. Wong [9] listed kinematic wave parameters for several
channel cross-sections based on the work of Brady [10,11]
and U.S. Army Corps of Engineers [12].
The purpose of this paper is to implement the kinematic
celerity concept and mathematical ﬁtting functions to develop
kinematic wave parameters that are ﬂow depth-independent
for trapezoidal, rectangular, and parabolic channels. The
exponent parameter of the momentum equation is expressed
as the ratio of the kinematic wave celerity to the mean ﬂow
velocity [13]. The kinematic celerity concept, which has physi-
cal meaning, represents a viable tool for estimating kinematic
wave parameters. Besides developing improved kinematic
wave parameters for trapezoidal and rectangular channels, this
paper develops new parameters for parabolic channels that are
lacking in the literature.
The following sections present a background on the kine-
matic wave model. The proposed estimation methods and
the developed kinematic wave parameters are then presented,
followed by method veriﬁcation and the concluding remarks.
2. Kinematic wave model
The system of the Saint Venant equations consists of the con-
tinuity and momentum equations. The kinematic wave model
is a simpliﬁed form of that system. This model is obtained by
neglecting the local and convective acceleration terms of the
momentum equation. The kinematic wave model consists of
the continuity and momentum equations as follows [14,15]
@A
@t
þ @Q
@x
¼ q ðContinuity equationÞ ð1Þ
Q ¼ aAb ðMomentum equationÞ ð2Þwhere A= ﬂow area, Q= discharge, q= lateral inﬂow per
unit length, t= time, x= distance coordinate, a and
b= empirical kinematic wave parameters, where b is dimen-
sionless and a has the dimension of m(32b)/s. For a given open
channel, solving the kinematic wave model with constant kine-
matic wave parameters is very common. In this case the conti-
nuity equation takes the simple form; oA/ot+ abAb1 oA/
ox= q with ﬂow area, A, as dependent variable that can be
solved easily. The parameters are commonly derived using
Manning equation which is given by
Q ¼ S
1=2
0
n
 !
A5=3
P2=3
 
ð3Þ
where S0 = longitudinal slope of the channel bed, n=Man-
ning roughness coefﬁcient, and P=wetted perimeter. Substi-
tuting for Q from Eq. (2) into Eq. (3) yields
aAb ¼ S
1=2
0
n
 !
A5=3
P2=3
 
ð4Þ
In Eq. (4), A and P depend on the cross-section geometry and
the ﬂow depth. Due to the implicit nature of Eq. (4), it is not
possible to ﬁnd analytically exact formulas for a and b that are
independent of the ﬂow depth, except for some special cross-
section geometries, and therefore approximate formulas pro-
vide a viable alternative.
It worth noting that Manning equation can be directly used
instead of Eq. (2) in the kinematic wave model but computa-
tion time and effort will be considerably increased.
3. Proposed kinematic celerity estimation method
For using this method, the kinematic wave parameters are sup-
posed to be independent of the discharge and the ﬂow area in
differentiating stage. Thus, differentiating Eq. (2) with respect
to A, the parameter b is obtained as
b ¼ A
Q
@Q
@A
ð5Þ
The term oQ/oA is called kinematic wave celerity. Eq. (5) is the
basis for developing the kinematic wave parameters in this pa-
per, based on optimization. According to Eq. (5), b can be de-
ﬁned as a relative (point) sensitivity indicator. This indicator
has a physical meaning and shows the relative variation of
the discharge oQ/Q with respect to the relative variation of
Depth-independent kinematic wave parameters for trapezoidal and power-law channels 175the cross-section area oA/A. Actually, b describes the ratio of
the discharge response to the variation in the cross section
area. For a channel with a given geometry, b can be estimated
independently of the ﬂow depth using Eq. (5). This means that
by varying the ﬂow depth, the relative discharge variation
should be proportional to the relative cross-section variation.
After determining b the parameter a is determined based on
Eq. (2) as
a ¼ QAb ð6Þ
As noted, a is a function of b and the optimization proce-
dure includes only one ﬁtting parameter, b. Introducing a pro-
portionality coefﬁcient, k, into Eq. (6) provides more degrees
of freedom in determining more accurate optimum parame-
ters. Thus,
a ¼ kQAb ð7Þ
It should be noted that k is an essential factor for the best ﬁt
model. The kinematic celerity method of Eqs. (5) and (7) is
used to derive depth-independent kinematic wave parameters
for various channel shapes.
4. Parameter estimation: trapezoidal channels
A typical trapezoidal channel cross-section is shown in Fig. 1.
For a trapezoidal channel (z „ 0), the cross-section area, A,
and the wetted perimeter, P, are given by
A ¼ wyþ zy2 ð8Þ
P ¼ wþ 2y
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ z2
p
ð9Þ
where w= channel bottom width, y= ﬂow depth, and
z= channel side slope. Thus, the ‘true’ discharge, Qt, using
the Manning equation is given by
Qt ¼
S
1=2
0 ðwyþ zy2Þ5=3
nðwþ 2y ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1þ z2p Þ2=3 ð10Þ
Solving Eq. (8) for y, the physical solution is:
y ¼ wþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
w2 þ 4zAp
2z
ð11Þ
Substituting Eq. (11) into the Manning equation yields
Q ¼ S
1=2
0 A
5=3
nfðAÞ ð12Þ
where the function f(A) is given by
fðAÞ ¼ ðwþ z1ðwþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
w2 þ 4zA
p
Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ z2
p
Þ2=3 ð13Þ
Differentiating Eq. (12) with respect to A, b of Eq. (5) is
obtained asFigure 1 Trapezoidal cross section.b ¼ 5
3
1 0:8Az=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
w2 þ 4Azpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
w2 þ 4Azp þ wðz= ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1þ z2p  1Þ
 !
ð14Þ
Also using Eqs. (7) and (12), a is obtained as
a ¼ kS
1=2
0 A
5=3b
nfðAÞ ð15Þ
In Eqs. (14) and (15), S0, n, z, and w are independent of the
ﬂow depth, but the ﬂow area A is a function of the ﬂow depth.
However, a suitable ﬁtting function can be used instead of A in
order to estimate the kinematic wave parameters as indepen-
dent of the ﬂow depth. This ﬁtting function should be indepen-
dent of the ﬂow depth. For this purpose, it is considered as
A= w(z,w). Substituting this function into Eqs. (14) and
(15), then
b ¼ 5
3
1 0:8wðz;wÞz=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
w2 þ 4wðz;wÞzpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
w2 þ 4wðz;wÞzp þ wðz= ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1þ z2p  1Þ
 !
ðProposed-trapezoidalÞ ð16Þ
a ¼ kS
1=2
0 wðz;wÞ5=3b
nfðwðz;wÞÞ ðProposed-trapezoidalÞ ð17Þ
In estimating kinematic wave parameters, w(z,w) and k are
the ﬁtting elements. Note that the function w would be differ-
ent from the actual cross section area of Eq. (8) which depends
on the ﬂow depth. Then, the approximate discharge, Qa, is gi-
ven by
Qa ¼ aAðz;w; yÞb ð18Þ
where A(z,w,y) is given by Eq. (8).
The ranges presented by [6] for ﬂow depth for each different
channel bottom width and side slope for natural trapezoidal
channels were used for estimating the new parameters. These
ranges, which reﬂect practical conditions, were (0 < z< 6)
and (4 < w< 400).
The kinematic wave parameters were estimated using an
objective function that minimizes the maximum absolute rela-
tive error between the approximate and true discharges, as
follows
Minimize z ¼ Maxje ð%Þj ¼ Max 100 1Qa
Qt
 
 ð19Þ
where the optimization is performed over all practical ranges
of y and w. Based on Eq. (19), the ﬁtting elements for the range
10 m 6 w 6 400 m (large width channels) are k= 0.957 and
w(z,w) is given by
wðz;wÞ ¼ 0:356w1:476 ð20Þ
Similarly, for 4 m 6 w< 10 m (small width channels), a
suitable ﬁtting equation is determined to calculate the kine-
matic wave parameters. To increase accuracy, w(z,w) should
be determined for the practical range of the ﬂow depth, but
independent of it. For instance, in the range 0.4 m 6 y 6 3 m,
k= 0.957 and the ﬁtting equation w(z,w) is given by
wðz;wÞ ¼ 0:73wþ 1:63ð1þ zÞ0:6 ð21Þ
which is valid for the range 4 m 6 w 6 10 m. Substituting for k
and w(z, w) into Eqs. (16) and (17) yields the proposed depth-
independent kinematic wave parameters for trapezoidal chan-
nels corresponding to the preceding ranges of w.
Figure 2 Power-law channels for different values of a.
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Power-law channels represent a class of geometric shapes
where the area is related to the depth as follows [16]
A ¼ kya ð22Þ
where k and a are characteristic constants. The value of a
equals 1, 1.5, and 2 for rectangular, parabolic, and triangular
channels, respectively, as shown in Fig. 2. In a triangular chan-
nel, k is side slope of the channel and in a rectangular channel
k represents the bottom width of the channel. For triangular
and wide rectangular channels, kinematic wave parameters
independent of ﬂow depth can be derived in exact form for
the full range (see Appendix A), while for rectangular and par-
abolic channels approximate equations have to be developed
as described next.
5.1. Rectangular channels
For a rectangular cross section a= 1, k= w, A= wy. The
wetted perimeter is given by
P ¼ wþ 2A
w
ð23Þ
Substituting for P from Eq. (23) into the Manning equation
yields
Qt ¼
S
1=2
0 A
5=3
nðwþ 2A=wÞ2=3
ð24Þ
Differentiating Eq. (24) with respect to A, b is obtained as
b ¼ 5
3
1 0:8A
w2 þ 2A
 
ð25Þ
Also using Eqs. (7) and (24), a is written as
a ¼ kS
1=2
0 A
5=3b
nðwþ 2A=wÞ2=3
ð26Þ
Now a suitable ﬁtting equation w(w) can be used in lieu of
A, along with k, to derive the kinematic wave parameters as
independent of the ﬂow depth. Thus, the proposed kinematic
wave parameters are given by
b ¼ 5
3
1 0:8wðwÞ
w2 þ 2wðwÞ
 
ðProposed-rectangularÞ ð27Þ
a ¼ kS
1=2
0 wðwÞ5=3b
nðwþ 2wðwÞ=wÞ2=3
ðProposed-rectangularÞ ð28Þ
The approximate discharge is then given byQa ¼ aAðw; yÞb ð29Þ
whereA(w,y) = wy.The estimated ﬁtting elements for the range
10 m 6 w 6 400 m (large width channels), are k= 0.968 and
w(w) = 0.274w1.608. For the range 4 m 6 w< 10 m (small
width channels), k= 0.958 and w(w) = 1.064w0.928.
5.2. Parabolic channels
For parabolic channels, a= 3/2 and Eq. (22) gives A= ky3/2.
The wetted perimeter is given by
P ¼ 2
Z y
0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ ðdx=dyÞ2
q
dy ð30Þ
On the basis of Eq. (22), dA/dy= 2x= (3/2)ky1/2 and
dx/dy= (3/8)ky1/2. Thus, Eq. (30) is reduced to
P ¼ 2
Z y
0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 9k
2
64y
s
dy ð31Þ
Integrating Eq. (31) yields
PðyÞ ¼ 1
4
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
9k2yþ 64y2
q
þ 9k
2
64
 ln 1þ 128
9k2
yþ 16
9k2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
9k2yþ 64y2
q 
ð32Þ
Substituting y= (A/k)2/3 into Eq. (32) yields
P½ðA=kÞ2=3 ¼ 1
4
ðA=kÞ1=3
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
9k2þ64ðA=kÞ2=3
q
þ9k
2
64
 ln 1þ128
9k2
ðA=kÞ2=3þ 16
9k2
ðA=kÞ1=3
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
9k2þ64ðA=kÞ2=3
q 
ð33Þ
Then, the true discharge is given by
Qt ¼
A5=3S
1=2
0 =n
P½ðA=kÞ2=3
h i2=3 ð34Þ
Differentiating Eq. (34) with respect to A, b is obtained as
b ¼ 5
3
1
4
15
1þ 9k2
16
ln 1þ128
9k2
ðA=kÞ2=3þ 16
9k2
ðA=kÞ1=3
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
9k2þ64ðA=kÞ2=3
p 
ðA=kÞ1=3
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
9k2þ64ðA=kÞ2=3
p
0
BBBB@
1
CCCCA
ð35Þ
Then, using Eqs. (7) and (34), a is obtained as
a ¼ kA
5=3bS1=20 =n
P½ðA=kÞ2=3
h i2=3 ð36Þ
Now a suitable ﬁtting equation w(k) is used to estimate the
kinematic wave parameters as independent of the ﬂow depth.
Thus, the proposed kinematic wave parameters take the form
b ¼ 5
3
1
4
15
1þ 9k2
16
ln 1þ128
9k2
ðwðkÞ=kÞ2=3þ 16
9k2
ðwðkÞ=kÞ1=3
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
9k2þ64ðwðkÞ=kÞ2=3
p 
ðwðkÞ=kÞ1=3
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
9k2þ64ðwðkÞ=kÞ2=3
p
0
BBBB@
1
CCCCA
ðProposed -parabolicÞ ð37Þ
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5=3b
S
1=2
0 =n
½P½ðwðkÞ=kÞ2=32=3
ðProposed-parabolicÞ ð38Þ
The approximate discharge is then given by
Qa ¼ aAðk; yÞb ð39Þwhere A(k,y) = ky3/2. The estimated ﬁtting elements for the
range 0.25 m 6 y< 3 m (low ﬂow depth), are k= 0.974 and
w(k) = 0.762k1.194, and for the range 3 m 6 y 6 30 m (high
ﬂow depth), are k= 0.977 and w(k) = 28.76k1.027. Substitut-
ing these elements into Eqs. (37) and (38) yields the speciﬁc
depth-independent parameters for parabolic channels corre-
sponding to the preceding ranges of ﬂow depth.Figure 3 Variation of the error between approximate and tru6. Accuracy and comparison
The accuracy of the proposed kinematic parameters is deter-
mined using the maximum error in estimating the approximate
discharge as determined from Eq. (19). For the proposed
method, the approximate discharge Qa is given by Eqs. (18),
(29), and (39) and the true discharge Qt is given by Eqs. (10),
(24), and (34) for trapezoidal, rectangular, and parabolic chan-
nels, respectively.
The percentage error between Qt and Qa is presented in
Figs. 3–6 for the three types of channels. For trapezoidal chan-
nels, the maximum error in the approximate discharge for the
width ranges (10 m 6 w 6 400 m) and (4 m 6 w< 10 m) ise discharges for trapezoidal channels (10 m 6 w 6 400 m).
178 A.R. Vatankhah, S.M. Easaabout 4.3% (Figs. 3 and 4). For rectangular channels with
small and large widths, the maximum errors for the width
ranges (10 m 6 w 6 400 m) and (4 m 6 w< 10 m) are 3.2%
and 4.2%, respectively (Fig. 5). For parabolic channels, the
maximum error for the width ranges (0.25 m 6 y< 3) and
(3 m 6 y 6 30) m is 2.5% (Fig. 6). It is interesting to note that
all the error curves take a parabolic-like form for all cross sec-
tions. This can be attributed to the objective function used in
optimization procedure, Eq. (19). The respective kinematic
wave parameters corresponding to various channel geometric
conditions are also listed in the ﬁgures to facilitate their prac-
tical implementations. In Figs. 3–6, a0 is equal to na/S0.
The proposed method for parameter estimation is very
accurate compared with existing methods. For trapezoidal
channels, the maximum error in the method of Haltas and
Kavvas [6] was 6%. The accuracy of the method by WongFigure 4 Variation of the error between approximate and trand Zhou [5] was evaluated by Haltas and Kavvas [6] and
showed a maximum error in the order 20%.
7. Veriﬁcation of proposed method
The proposed method was veriﬁed using another approximate
method for determining the kinematic wave parameters. The
method, called effective sensitivity indicator, can be derived
using Eq. (5) as follows [17]
b ¼ @Q=Q
@A=A
¼ @ lnQ
@ lnA
ð40Þ
which can be written in the following ﬁnite difference form
b ﬃ D lnQ
D lnA
¼ lnðQ2=Q1Þ
lnðA2=A1Þ ð41Þue discharges for trapezoidal channels (4 m 6 w< 10 m).
Figure 5 Variation of the error between approximate and true discharges for rectangular channels.
Depth-independent kinematic wave parameters for trapezoidal and power-law channels 179Applying the Manning formula, Eq. (41) is written as
b ﬃ 5
3
 2
3
lnðP2=P1Þ
lnðA2=A1Þ ð42Þ
where the subscript ‘1’ and ‘2’ refer to the low and high ﬂow
conditions (limits of the most probable operation depth range),
y1 6 y 6 y2. Then, a is given by Eq. (6).
For a trapezoidal channel, based on Eq. (42) and (6), b and
a are given, byb ﬃ 5
3
 2
3
ln½ðwþ 2y2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ z2p Þ=ðwþ 2y1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ z2p Þ
ln½ðwy2 þ zy22Þ=ðwy1 þ zy21Þ
ð43Þ
a ¼ S
1=2
0
n
ðwyþ zy2Þ5=3b
ðwþ 2y ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1þ z2p Þ2=3
 !
ð44Þ
Then, an approximate coefﬁcient of Eq. (44) is calculated as
the average at three different values of y as
{a(y1) + a[(y1 + y2)/2] + a(y2)}/3. Note that for a triangular
Figure 6 Variation of the error between approximate and true discharges for parabolic channels (a) 0.25 m 6 y 6 3 and (b)
3 m 6 y 6 30 m.
Table 1 Comparison of the effective and point-sensitivity methods.
z (–) w (m) k (m0.5) Depth range (m) Point sensitivity method Eﬀective sensitivity method
a0 = na/S0 b a0 = na/S0 b
0 4 – 0.3 6 y 6 2.7 0.392 1.450 0.385 1.450
0 6 – 0.3 6 y 6 2.7 0.318 1.508 0.320 1.501
0 8 – 0.3 6 y 6 2.7 0.267 1.542 0.273 1.532
0 10 – 0.3 6 y 6 3.1 0.244 1.545 0.241 1.545
0 50 – 0.5 6 y 6 10 0.094 1.596 0.093 1.596
0 100 – 0.6 6 y 6 17 0.059 1.612 0.059 1.611
0 200 – 0.6 6 y 6 29 0.037 1.624 0.037 1.624
0 400 – 0.6 6 y 6 50 0.023 1.634 0.022 1.633
0 600 – 0.6 6 y 6 70 0.017 1.638 0.017 1.638
1 4 – 0.4 6 y 6 3.0 0.392 1.426 0.391 1.428
2 6 – 0.4 6 y 6 3.0 0.319 1.441 0.327 1.431
3 8 – 0.4 6 y 6 3.0 0.277 1.444 0.288 1.428
4 10 – 0.25 6 y 6 2.7 0.244 1.453 0.242 1.449
1 50 – 0.5 6 y 6 6.2 0.091 1.596 0.091 1.597
2 100 – 0.6 6 y 6 9.2 0.063 1.592 0.063 1.593
3 200 – 0.8 6 y 6 14 0.042 1.593 0.042 1.592
4 400 – 0.8 6 y 6 22 0.028 1.599 0.028 1.599
5 600 – 0.8 6 y 6 28 0.022 1.599 0.021 1.600
– – 0.1 0.25 6 y 6 3 0.222 1.226 0.226 1.226
– – 1 0.25 6 y 6 3 0.514 1.312 0.507 1.312
– – 2 0.25 6 y 6 3 0.496 1.373 0.491 1.373
– – 5 0.25 6 y 6 3 0.364 1.425 0.369 1.425
– – 10 0.25 6 y 6 3 0.269 1.439 0.274 1.439
– – 0.1 3 6 y 6 30 0.221 1.223 0.226 1.223
– – 1 3 6 y 6 30 0.562 1.240 0.565 1.242
– – 2 3 6 y 6 30 0.625 1.271 0.616 1.274
– – 5 3 6 y 6 30 0.481 1.349 0.476 1.349
– – 10 3 6 y 6 30 0.314 1.405 0.320 1.402
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Table 2 Comparison of the proposed effective-sensitivity method and Haltas and Kavvas method.
z (–) w (m) Depth range (m) Haltas and Kavvas method Eﬀective sensitivity method
a0 = na/S0 b a0 = na/S0 b
0 10 0.24 6 y 6 2.5 0.237 1.563 0.233 1.565
0.5 10 0.24 6 y 6 2.5 0.238 1.558 0.233 1.560
1 10 0.24 6 y 6 2.5 0.240 1.541 0.235 1.544
1.5 10 0.24 6 y 6 2.5 0.244 1.521 0.238 1.525
2 10 0.24 6 y 6 2.5 0.246 1.502 0.239 1.507
2.5 10 0.24 6 y 6 2.5 0.248 1.486 0.240 1.491
3 10 0.24 6 y 6 2.5 0.249 1.471 0.241 1.477
3.5 10 0.24 6 y 6 2.5 0.249 1.459 0.241 1.465
4 10 0.24 6 y 6 2.5 0.249 1.448 0.241 1.454
4.5 10 0.24 6 y 6 2.5 0.249 1.439 0.240 1.445
0 50 0.6 6 y 6 6.1 0.090 1.610 0.089 1.611
0.5 50 0.6 6 y 6 6.1 0.091 1.605 0.090 1.606
1 50 0.6 6 y 6 6.1 0.095 1.593 0.093 1.594
1.5 50 0.6 6 y 6 6.1 0.100 1.578 0.098 1.580
2 50 0.6 6 y 6 6.1 0.105 1.563 0.102 1.565
2.5 50 0.6 6 y 6 6.1 0.110 1.548 0.107 1.551
3 50 0.6 6 y 6 6.1 0.115 1.535 0.111 1.539
3.5 50 0.6 6 y 6 6.1 0.119 1.523 0.115 1.527
4 50 0.6 6 y 6 6.1 0.123 1.512 0.118 1.516
4.5 50 0.6 6 y 6 6.1 0.127 1.502 0.122 1.507
0 100 0.8 6 y 6 7.6 0.055 1.630 0.054 1.629
0.5 100 0.8 6 y 6 7.6 0.055 1.626 0.055 1.626
1 100 0.8 6 y 6 7.6 0.058 1.617 0.057 1.617
1.5 100 0.8 6 y 6 7.6 0.061 1.606 0.060 1.606
2 100 0.8 6 y 6 7.6 0.064 1.594 0.063 1.594
2.5 100 0.8 6 y 6 7.6 0.067 1.583 0.066 1.583
3 100 0.8 6 y 6 7.6 0.070 1.572 0.069 1.573
3.5 100 0.8 6 y 6 7.6 0.073 1.562 0.072 1.563
4 100 0.8 6 y 6 7.6 0.076 1.552 0.075 1.553
4.5 100 0.8 6 y 6 7.6 0.079 1.543 0.077 1.545
0 200 0.92 6 y 6 9.2 0.033 1.644 0.033 1.644
0.5 200 0.92 6 y 6 9.2 0.033 1.641 0.033 1.642
1 200 0.92 6 y 6 9.2 0.035 1.635 0.034 1.636
1.5 200 0.92 6 y 6 9.2 0.036 1.628 0.036 1.628
2 200 0.92 6 y 6 9.2 0.038 1.619 0.037 1.62
2.5 200 0.92 6 y 6 9.2 0.039 1.611 0.039 1.612
3 200 0.92 6 y 6 9.2 0.041 1.603 0.040 1.604
3.5 200 0.92 6 y 6 9.2 0.042 1.596 0.042 1.597
4 200 0.92 6 y 6 9.2 0.044 1.588 0.043 1.589
4.5 200 0.92 6 y 6 9.2 0.046 1.581 0.045 1.582
0 400 1.1 6 y 6 10.7 0.020 1.644 0.020 1.653
0.5 400 1.1 6 y 6 10.7 0.020 1.653 0.020 1.652
1 400 1.1 6 y 6 10.7 0.021 1.652 0.021 1.648
1.5 400 1.1 6 y 6 10.7 0.021 1.648 0.021 1.643
2 400 1.1 6 y 6 10.7 0.022 1.643 0.022 1.638
2.5 400 1.1 6 y 6 10.7 0.023 1.638 0.023 1.632
3 400 1.1 6 y 6 10.7 0.024 1.632 0.023 1.627
3.5 400 1.1 6 y 6 10.7 0.024 1.627 0.024 1.622
4 400 1.1 6 y 6 10.7 0.025 1.622 0.025 1.617
4.5 400 1.1 6 y 6 10.7 0.026 1.616 0.026 1.612
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(43) and (44) reduce to the exact solutions for the kinematic
wave parameters (see Appendix A).
Similarly, for a rectangular channel b and a are given by
b ﬃ 5
3
 2
3
ln½ðwþ 2y2Þ=ðwþ 2y1Þ
ln½y2=y1
ð45Þ
a ¼ S
1=2
0
n
ðwyÞ5=3b
ðwþ 2yÞ2=3
 !
ð46ÞFor a parabolic channel, b and a are given by
b ﬃ 5
3
 ln½P2=P1
ln½y2=y1
ð47Þ
a ¼ S
1=2
0
n
ðky3=2Þ5=3b
P2=3
 !
ð48Þ
in which P is calculated using Eq. (32). Similarly, approximate
coefﬁcients of Eq. (47) and (48) are calculated.
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sensitivity methods is presented in Table 1. In this table, the
values of a (or a0 = na/S0) are obtained using the average at
three different values of y as previously mentioned. Clearly,
the results of the effective sensitivity method verify those of
the proposed method.
To demonstrate the robustness of the effective-sensitivity
method, another comparison is conducted with the method
of estimating kinematic wave parameters for trapezoidal chan-
nels by Haltas and Kavvas [6]. The authors tabulated the
estimated numerical values of the kinematic wave ﬁtting
parameters for varying channel bottom widths and channel
side slopes as a reference for future studies. Table 2 shows
these reference values for the speciﬁed ranges of ﬂow depth
along with those estimated using the effective-sensitivity meth-
od. The very good agreement between the two computations is
evident from the analysis of Table 2, where the results are pre-
sented for the speciﬁed ranges of ﬂow depth. It should be noted
that these ﬁtting parameters should be used for cross-sections
with geometric parameters that are within the speciﬁed ranges
of ﬂow depth to assure a decent approximation. As noted, the
effective-sensitivity method can easily be used to estimate the
kinematic wave parameters for a speciﬁed practical range of
ﬂow depth.
8. Conclusions
This paper has presented improved depth-independent kine-
matic wave parameters for trapezoidal, rectangular, and para-
bolic channels. The parameters were estimated using the
kinematic celerity method, which has a physical meaning.
The estimation was performed using mathematical optimiza-
tion and involved two ﬁtting elements: a proportionality coef-
ﬁcient and a power ﬁtting function. The proposed method was
very accurate, where the error in estimating the discharge was
in the order of 2–4%. Such accuracy is substantially better
than that of existing methods, and therefore the accurate
parameters presented in this paper are recommended for
implementation in practice. To aid implementation, values of
the new kinematic wave parameters are presented for various
channel geometric conditions.
The estimated parameters were veriﬁed by comparing their
results with those of an approximate method (effective sensitiv-
ity) and the method developed by Haltas and Kavvas for
trapezoidal channels. The comparison showed an excellent
agreement. It is worth noting that the effective sensitivity
method is approximate, but simpler and can be used to pro-
duce kinematic wave parameters for any desired range of ﬂow
depth. The proposed kinematic ﬂow parameters were esti-
mated for cross sections with speciﬁc ranges of geometric
and ﬂow characteristics that are dominant in practice. The sug-
gested parameters should be used only for the speciﬁc ranges
used for estimation to ensure accuracy.Acknowledgement
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channels
Following MacArthur and DeVries [4], for a triangular cross
section, a= 2, k= z „ 0, A= zy2 and the wetted perimeter
is given by
P ¼ 2y
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ z2
p
¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃ
A=z
p ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ z2
p
ðA1Þ
Substituting Eq. (A1) into the Manning’s equation yields
Qt ¼
S
1=2
0 A
5=3
nð2 ﬃﬃﬃﬃﬃﬃﬃﬃA=zp ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1þ z2p Þ2=3 ðA2Þ
or
Qt ¼
S
1=2
0 A
4=3
nð2 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃzþ 1=zp Þ2=3 ðA3Þ
Thus b= 4/3 and a can be written as
a ¼ S
1=2
0
nð2 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃzþ 1=zp Þ2=3 ðA4Þ
As noted, the kinematic wave parameters a and b are ex-
actly independent of ﬂow depth.
For a wide rectangular cross section, a= 1, k= w „ 0,
A= wy and the wetted perimeter is given by
P ﬃ w ðA5Þ
Substituting Eq. (A5) into the Manning’s equation yields
Qt ¼
S
1=2
0 A
5=3
nw2=3
ðA6Þ
Thus b= 5/3 and a can be written as
a ¼ S
1=2
0
nw2=3
ðA7Þ
As noted, the kinematic wave parameters are independent
of ﬂow depth in wide rectangular channels. It is worth men-
tioning that in a trapezoidal section, the values of b vary from
4/3 for triangular sections to 5/3 for wide rectangular sections.
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